Axis determination in early Drosophila embryos is controlled, in part, by regulation of translation of mRNAs transcribed in maternal cells during oogenesis. The Pumilio protein is essential in posterior determination, binding to hunchback mRNA in complex with Nanos to suppress hunchback translation. In order to understand the structural basis of RNA binding, Nanos recruitment, and translational control, we have crystallized a domain of the Drosophila Pumilio protein that binds RNA. The crystals belong to the space group P6 3 with unit cell dimensions of a ‫؍‬ b ‫؍‬ 94.5 Å, c ‫؍‬ 228.9 Å, ␣ ‫؍‬ ␤ ‫؍‬ 90°, ␥ ‫؍‬ 120°and diffract to 2.6 Å with synchrotron radiation. We show that the purified protein actively binds RNA and is likely to have a novel RNA binding fold due to a very high content of ␣-helical secondary structure.
Translational regulation of maternally derived mRNAs is a common theme in early development (Gray and Wickens, 1998) . The Drosophila melanogaster gene pumilio (Lehmann and Nusslein-Volhard, 1987 ) encodes a protein (Pum) that binds to defined sequences in the 3Ј untranslated region (3ЈUTR) of hunchback (hb) mRNA called the Nanos response elements (NREs; Murata and Wharton, 1995) . The binding of Pum serves to recruit the Nanos (Nos) protein to the NREs (Sonoda and Wharton, 1999) . The Pum/Nos complex in turn represses translation of hb mRNA at the posterior end of the embryo, forming a gradient of Hb protein that defines the anterior-posterior axis (Struhl et al., 1992) .
pum encodes a 156-kDa full-length protein (Macdonald, 1992; Barker et al., 1992) . The RNA binding domain has been defined to a 37-kDa fragment close to the C-terminus (Wharton et al., 1998 ) that includes eight imperfect ϳ36 amino acid repeats, collectively known as the Puf domain. Remarkably, ectopic expression of the Puf domain alone is sufficient to rescue abdominal segmentation defects in pum mutant embryos (Wharton et al., 1998) . Thus, the minimal Pum Puf domain appears to contain all of the residues required for Pum function, including RNA binding, Nos recruitment, and the repression of hb translation.
The Pum Puf domain shares no sequence homology with other known RNA binding domains (such as the RRM, KH motif, and RGG box; Nagai, 1996; Burd and Dreyfuss, 1994) and thus may comprise a novel RNA binding fold. Genes with high sequence homology to the Puf domain have been found in organisms as diverse as plants, yeast, and humans (Zamore et al., 1997) , and all of those characterized have been found to bind RNA and regulate translation. For instance, the Caenorhabditis elegans FBF protein regulates fem-3 translation by binding to the 3ЈUTR (Zhang et al., 1997) .
We report here the expression, purification, and crystallization of the Pum Puf domain. The Pum Puf domain defines a new class of RNA binding domains composed of multiple repeats that specify both protein-RNA and protein-protein interactions. The structure will provide insights into both the RNA binding and the translation regulatory mechanisms of this novel RNA binding fold.
Competent Escherichia coli cells of strain BL-21(DE3)pLysS were transformed with the T7 expression vector (pET15b-Pum2.1) carrying the Pumilio domain (aa 1093-1411). Freshly transformed cells were used to inoculate 2xYT medium containing 100 g/ml ampicilin. The cells were grown at 37°C to a density of 0.8 OD 600 and then induced with 0.5 mM IPTG at 25°C. Cells were harvested 8 -12 h after induction by centrifugation. For protein purification, the cells were resuspended in Ni-bind buffer (500 mM NaCl, 20 mM Tris, 5 mM imidazole, pH 7.9) with 0.1% Triton X-100. The cell suspension was lysed by sonication for 2 min on ice and then spun at 18 000 rpm for 40 min to remove the insoluble fraction. The soluble fraction was then filtered and loaded onto a 5-ml Ni-bind column (Pharmacia) charged with nickel sulfate. The column was first washed with Ni-bind buffer and then Ni-bind buffer ϩ 150 mM imidazole, and the protein was eluted with Ni-bind buffer ϩ 300 mM imidazole. The N-terminal 6xHis-tag was removed by digestion with thrombin for 4 h at room temperature. Final purification was achieved on a Superdex 75 gel filtration column (Pharmacia) equilibrated with 20 mM Hepes, 200 mM NaCl, 5% glycerol, 2 mM DTT, pH 7.5. Pure protein fractions were pooled, concentrated to 15 mg/ml by ultrafiltration, and stored frozen at Ϫ70°C.
To confirm that we have purified active, properly folded protein, we assayed the RNA binding activity by electrophoretic mobility shift assay (EMSA) using a radiolabeled synthetic 24mer: 5Ј-uuuGuUGUcgaaaauUGUAcauaa-3Ј (Dharmacon Research). The underlined bases are those found to be critical for Pum specificity (Wharton et al., 1998; Zamore et al., 1997) . This Pum domain retards the mobility of the RNA in the EMSA, confirming that we have purified an active RNA binding protein (Fig. 1A) . We also used fluorescence anisotropy to confirm that our recombinant Pum protein binds RNA (data not shown). Limited proteolysis did not yield any stable smaller subdomains, suggesting that all eight repeats are required for the proper folding of the Puf domain. Thus, with 308 amino acids the Puf domain is much larger than most other RNA binding motifs, such as the RRM (ϳ70 -90 residues), dsRBD (ϳ65 residues), or the KH domain (ϳ70 residues) (Nagai, 1996; Burd and Dreyfuss, 1994) . The elution volume of the Puf domain from a gel-filtration column during purification suggests that it exists as a monomer in solution. This was confirmed by dynamic light scattering measurements that showed that the protein is monodispersed around a mass of ϳ37 kDa, as expected. Although there are two NREs in the hb 3ЈUTR, RNA binding studies have shown that Pum binds to each as an independent monomer with no cooperativity (Zamore et al., 1999) .
Interestingly, most of the RNA binding motifs described to date, such as the spliceosomal factor U1A that contains an RRM (Oubridge et al., 1994) , the bacteriophage MS2 coat protein (Valegard et al., 1994) , the trp attenuation protein TRAP (Antson et al., 1995) , or the rho transcription termination factor (Bogden et al., 1999) contain a substantial ␤-sheet that forms part of the platform for RNA binding. In contrast, the secondary structure prediction program PHD (Rost et al., 1994) predicts the Pum Puf domain to be almost all ␣-helical. To check this, a circular dichroism spectrum was recorded (Fig. 1B) that revealed that this domain indeed has a high ␣-helical content with little or no ␤-sheet, suggestive of a novel RNA binding motif. The high percentage of ␣-helix is indicated by the depth of the peak at 220 nm and the lack of smoothing of the shoulder at 210 nm (Johnson, 1988) .
The Pum Puf domain crystallizes in several different crystal forms. However, only two of these forms show high-resolution diffraction with the best being a hexagonal form. Hexagonal Pum crystals were obtained by the hanging drop vapor diffusion method at 4°C. Two microliters of the protein was mixed with 2 l of the precipitant solution (2.1 M ammonium sulfate, 100 mM Hepes, 4% DMSO, 2 mM DTT, pH 6.8) and placed above a sealed well containing 1 ml of the precipitant. Crystals with a hexagonal bipyramid morphology ( Fig. 2A) appear after 1 day and grow to full size (0.1 ϫ 0.1 ϫ 0.3 mm) in 4 -6 days. The crystals can be successfully frozen after stepwise transfer to a final solution containing 18% MPD, 2.1 M ammonium sulfate, 100 mM Hepes (pH 6.8), and 2 mM DTT. On a rotating anode X-ray source the crystals diffract to ϳ3 to 3.2-Å resolution. However, with synchrotron radiation at Brookhaven National Laboratory (BNL, beamline X25), the diffraction improves to at least 2.6-Å resolution (Fig.  2B) . The crystals belong to space group P6 3 with unit cell dimensions a ϭ b ϭ 94.5 Å, c ϭ 228.9 Å, ␣ ϭ ␤ ϭ 90°, ␥ ϭ 120°. We have measured both native and derivative data at beamline X25. The data were recorded on a Brandeis B4 CCD detector and processed with the HKL program package. The native data are 93% complete to 2.6-Å resolution and merge with an overall R sym of 6.6%. Calculation of V m leaves an ambiguity over the number of molecules in the asymmetric unit, with either two (V m ϭ 3.93 Å 3 /Da), three (V m ϭ2.62 Å 3 / Da), or four (1.96 Å 3 /Da) molecules (Matthews, 1968; Blundell and Johnson, 1976) . However, a self-rotation function performed on native data is consistent with either two or four molecules in the asymmetric unit, not three. The noncrystallographic twofolds lie in the X-Y plane and are offset from the X and Y axes by 10°. Curiously, despite these indications of a multimer in the crystal, we do not find evidence for a multimer in solution, as judged by the gel filtration and dynamic light scattering results described above. Nonetheless, the noncrystallographic symmetry will aid in the structure determination. In addition to conventional osmium and mercury derivatives, we have also prepared a selenomethionine (SeMet) variant of the protein for use in multiwavelength anomalous diffraction phasing experiments. The nine methionines in the Pum Puf domain were replaced by SeMet by expressing the protein in an E. coli strain of cells (B834) auxotrophic for methionine. Amino acid analysis confirms that we have replaced the methionines by Ͼ98% with selenomethionines. We have obtained crystals of the SeMet protein under similar conditions as the native crystals, although they are currently too small for data collection.
We have also obtained monoclinic crystals from solutions containing polyethylene glycol 8000, 100 mM Hepes (pH 7.5), 400 mM NaCl, and 2 mM DTT. These crystals belong to the space group C2 with unit cell dimensions a ϭ 70.6 Å, b ϭ 108.2 Å, c ϭ 179.4 Å, ␣ ϭ 90°, ␤ ϭ 96.2°, ␥ ϭ 90°. The crystals diffract to 3.2 Å at home, but improve to 2.7-Å resolution with synchrotron radiation. We have also measured native data from these crystals, which are 95% complete at 2.7-Å resolution with an overall R sym of 8.0%. A comparison of the Pum structure in these different space groups will help to determine the effects of lattice contacts on protein conformation.
Although crystallographic and NMR analysis of RNA binding proteins has gained momentum in the past few years, the number of known structures is still relatively small. The Puf domain defines a new class of RNA binding motif found in developmentally important proteins. The Pum structure should provide insights into both the RNA binding and the translation regulatory mechanisms of this novel RNA binding fold.
